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INTRODUCTION 
The major role of the fiber-matrix interphase in ceramic matrix composites (CMC) 
is to increase the composite fracture resistance; thus the properties of these materials 
are dominated by the interphase. To achieve this, the interphase is designed to provide 
friction sliding contact between fiber and matrix, which prevents fracture of fibers due 
to matrix cracking [1,2]. Due to the relatively low stiffness of the fiber-matrix inter-
phase compared to fiber and matrix, the interphase also has a dominant effect on the 
transverse and shear stiffnesses of CMC materials [3]. Therefore, to obtain optimal 
performance in CMC materials quantitative characterization of the fiber-matrix inter-
phase is necessary. 
The effect of the fiber-matrix interphase on the composite fracture resistance is 
often described in terms of two independent fracture toughness parameters, the inter-
facial shear strength T and the debond energy r [4]. Although they are widely used in 
the material science community to characterize the interphase, their destructive nature 
prohibits the application in the manufacturing process as a quality control tool. 
This work proposes a nondestructive method, by assessing interphasial elastic 
properties. Such a characterization is implemented by ultrasonic measurements of 
composite elastic moduli and micromechanical analysis via multi-phase models. In 
our previous work [3], an inversion method was developed for determination of in-
terphasial moduli from the measured composite elastic properties. Microstructural 
models of composites with imperfect interfaces [5,6,7] were used for inversion. In the 
present study we determine the interphasial moduli using a simpler approach via three-
phase models [7,8]. The transverse shear modulus of the interphase is also determined. 
The inversion method has been improved by averaging transverse elastic properties of 
the composite. A silicon nitride (Si3N4 ) matrix reinforced with carbon coated silicon 
carbide (SiC) fibers is used in experiments. Several examples of interphasial moduli 
determination are discussed. 
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Fig. 1. Microstructure of SiC/Si3N4 composites [17]. 
EXPERIMENTAL APPROACH 
Samples 
The SiC/Si3N4 composite samples used in this study were obtained from NASA 
Lewis Research Center. The matrix Si3N4 is reaction bonded silicon nitride (RBSN) 
with porosity 20 to 40 percent due to the manufacturing process. The porosity for the 
measured sample was determined by comparing the calculated density of the compos-
ite with the measured one. The fiber is continuous chemical vapor deposition (CVD) 
silicon carbide filament (SCS-6 by Textron Co.), which has a carbon core in the center 
surrounded by a transition zone and then a layer of /3-SiC. A carbon-rich coating on 
the surface of the SiC fiber forms the interphase between the SiC fiber and the RBSN 
matrix. A microphotograph of the SiC/Si3N4 composite microstructure is shown in 
Fig. 1. In this study three samples with different fiber fraction (c) and matrix poros-
ity (p) are used: #745 (c=0.3, p=0.3), #438b (c=0.25, p=0.38) and #442-3 (c=0.2, 
p=0.38). 
Ultrasonic Measurements 
A self-reference bulk wave method [3,9] is used to measure the elastic proper-
ties of the composite samples. This method is a modification of the double-through-
transmission method [10]. The basic idea is illustrated schematically in Fig. 2. The 
phase velocity at normal incidence is measured with high precision by overlapping 
multiply-reflected signals from the front and back surfaces of the sample. Phase ve-
locities in composites at refraction angle ()r (the angle corresponds to the incident an-
gle ()i shown in Fig. 2) are calculated using the phase velocity in the normal direction 
Vn and the time delay change for the rotated sample (due to the acoustic path length 
change in the sample relative to that at normal incidence): 
V,(() ) = [_1 flto - (flto + fltO.)COS()i flto;(2flto + fltO.)]_1/2 
0, r V2 + hV + 4h2 
n 0 
(1) 
Here Vn is the phase velocity in the composite at normal incidence, Vo is the sound 
speed in water, h is the thickness ofthe sample, flto = 2h(I/Vo-I/Vn), and flto; is the 
difference in the time-of-flight measurements between normal incidence and arbitrary 
oblique incidence at angle ()i. 
DETERMINATION OF COMPOSITE MODULI AND AVERAGED TRANSVERSE 
MODULI 
To extract elastic constants of composites from experimental phase velocity data 
for different propagation directions, an inverse approach using the nonlinear least-
squares optimization technique [10] is used. The unknown material properties can be 
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Fig. 2. Schematic diagram of the self-reference bulk wave method. 
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Fig. 3. The measured and calculated phase velocities for sample #442-3 in the 1-3 
plane as a function of refraction angle. The measured data are shown as discrete points 
and the solid lines are theoretical values calculated from the reconstructed elastic con-
stants. 
found by minimizing the sum of squares of the deviations between the experimental 
and calculated velocities via the Christoffel equation considering the elastic constants, 
and if necessary density, as variables in a multidimensional space. The elastic con-
stants reconstructed from ultrasonic measurements for composite samples are sum-
marized in Table 1. Using these elastic constants the ultrasonic velocities have been 
calculated and are shown by solid curves in figures 3 and 4 for sample #442-3. As one 
can see from the results the theoretical curves match well with the experimental data 
in different incident planes. One should note that the elastic constants used in the 
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Table 1. Elastic constants in GPa for different SiC/ShN4 composites 
Sample Cu C22 C33 C12 C13 C23 C44 C55 C66 
#745 207 118 120 32.3 32.0 33.4 40.1 45.2 43.4 
#438b 197 94.2 105 46.3 46.3 33.9 29.9 33.6 31.3 
#442-3 166 86.6 104 32.3 35.2 30.3 28.3 36.3 30.6 
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Fig. 4. The measured and calculated phase velocities for sample #442-3 in the 2-3 
plane as a function of refraction angle. The measured data are shown as discrete points 
and the solid lines are theoretical values calculated from the reconstructed elastic con-
stants. 
calculations were determined from velocity data; therefore the experimental and the-
oretical data cannot be considered independent. Such a comparison demonstrates the 
accuracy of the inversion procedure for determination of elastic constants from the ve-
locity data. 
Note that the composites used in experiment are orthotropic (see Table 1), while 
all the available micromechanical models are for transversely isotropic composites. In 
order to utilize the existing models for assessment of interphasial properties , it is nec-
essary to determine the composite transverse moduli from the data given in Table 1. 
To achieve this we use an averaged approach. In this case the upper bounds of the 
transverse bulk (K) and shear (Cd moduli are given by the averaged elastic constants: 
(2) 
The lower bounds of the transverse moduli are given by the averaged compliances: 
(3) 
where the averaged elastic constants and compliances are the mean values averaged 
along different polar angles in the transverse plane: 
(4) 
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Table 2. The upper and lower bounds of composite transverse moduli for different sam-
ples. 
Sample /\:+ (GPa) /\:- (GPa) Gt (GPa) Gt (GPa) 
745 76.20 76.19 41.45 41.40 
745c 45.25 44.92 26.83 26.71 
438b 66.75 66.53 31.38 31.25 
442-3 62.80 62.22 30.40 30.12 
Note that the averaged elastic constants C22 and C44 are equal to the squares of the 
averaged longitudinal and transverse phase velocities in the transverse plane multiplied 
by the density, which relates the determination of composite transverse moduli directly 
to the ultrasonic measurements. Carrying out the above averages, we have 
/\:+ = (C22 + C33 + 2C23 )/4; 
Gt = (C22 + C33 )/8 - C23 /4 + C44/2; 
1//\:- = S22 + S33 + 2S23 - (S12 + S13?/SU; 
I/G; = (S22 + S33 + S44)/2 - S23. 
(5) 
(6) 
(7) 
(8) 
The upper and lower bounds for composite transverse moduli determined are shown 
in Table 2. Thus the composite transverse moduli can be determined as the average 
of the upper and lower bounds as suggested by Hill [11]: 
(9) 
DETERMINATION OF INTERPHASIAL ELASTIC MODULI 
To extract interphasial properties from the composite transverse moduli one must 
select appropriate models for micromechanical analysis based on the composite mi-
crostructures. For SiC/ShN4 composites, one should consider four different phases, 
shown in Fig. 5: inner carbon core, SiC shell, carbon rich interphase and Si3N4 matrix. 
Due to the complicated multi-phase microstructure of SiC/Si3N4 composites in com-
parison to the available models (see Fig. 5), we first determine the equivalent moduli 
for CVD SiC fibers (core plus shell) and then replace the core and shell by the equiv-
alent fiber to form a three-phase composite (four phases to three phases). 
Equivalent Moduli for CVD SiC Fibers 
The moduli for CVD SiC fibers are determined in two different ways. For axial 
Young's modulus (Ea), Poisson's ratio (Va), shear modulus (Ga) and transverse bulk 
modulus /\:, we use exact solutions for a core-shell system [13,14] as reported in our pre-
vious work [3]. For the remaining transverse shear modulus Gt , an inverse approach 
is used. The transverse shear modulus of the SiC fiber (carbon core and SiC shell) 
is determined by adjusting the equivalent homogeneous fiber properties such that the 
transverse shear modulus of the two-phase composite (equivalent fiber and matrix) cal-
culated via the GSCM model [14] is equal to that of the three-phase composite (core, 
shell and matrix) calculated using the finite element method [15]. The equivalent fiber 
modulus was found by inverting the GSCM model using the transverse shear modu-
lus of three-phase composite calculated by the finite element method. The resulting 
equivalent moduli for CVD SiC fibers are 
Ea = 390 GPa, Va = 0.17, Ga = 158 GPa, /\: = 236 GPa, Gt = 148 GPa. (10) 
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Fig. 5. Actual composite microstructure versus available micromechanical models. 
Interphasial Properties 
By replacing the carbon core and SiC shell in SiC/ShN4 composites with the 
equivalent fiber, a four phase composite becomes three phase with homogeneous fibers 
and carbon interfacial layers. By inverting the three-phase model the interphasial 
moduli can determined using the previously determined matrix and equivalent fiber 
properties. The interphasial transverse bulk and axial shear moduli are calculated via 
inversion of a substitution method [7,8l and the transverse shear modulus is calculated 
by inversion of Rashin's model [7] (in 7] the imperfect interface is modeled by trans-
verse and radial springs). The interphasial moduli determined for different composite 
samples are shown in Table 3. One can also use a simplified approximation given by 
Rashin [7] for the transverse bulk modulus, whose results are very close to the substi-
tution method. The results given in Table 3 are in good agreement with those reported 
in [3] except for the interphasial radial stiffness C;'r of sample #438b. This difference 
is due to inappropriate selection of the weighting factor in the optimization process [3]. 
Data for G{ is new here and could not be obtained by the method used in [3]. 
Note that the interfacial moduli obtained using this approach are effective prop-
erties in the sense that they take into account possible imperfection of the contact be-
tween the fiber coating and the adjoining fiber and matrix. For perfect contact, which 
is the case for a well-prepared composite, the effective properties correspond to the ac-
tual properties of the interfacial layer, while zero values correspond to complete fiber 
debonding from the matrix. To demonstrate the use of the proposed procedure for in-
terphasial damage assessment, we performed an experiment on oxidized sample #745c 
(sample #745 oxidized at 1400 DC for 100 hours). The interphasial moduli for sam-
ple #745c are given in Table 3. As one can see all the interphasial moduli are signifi-
cantly reduced by the oxidation. The relation between the radial and transverse shear 
moduli of the interfacial layer for the oxidized sample is very different from that for 
nonoxidized samples. The ratios of interphasial moduli for samples #745 and #745c 
are 
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Table 3. Interphasial elastic moduli obtained using a three phase model. 
Sample ,,/ (CPa) G~ (CPa) G{ (CPa) C;'r (CPa) 
745 6.08 2.51 1.68 7.76 
745c 0.10 0.49 0.77 0.87 
438b 5.58 1.21 0.26 5.84 
442-3 3.56 1.27 0.21 3.77 
z 
Fig. 6. Schematic diagram for a cracked interface in solids. 
G{jC;'r = 0.22, G~/G{ = 1.49 as-received sample 
G{ /C;'r = 0.89, G~/G{ = 0.64 oxidized sample 
(11 ) 
(12) 
The difference may be explained by the stiffness relations in a cracked interface model, 
shown in Fig. 6, proposed by Baik and Thompson [16], which gives the following rela-
tions: 
(13) 
This suggests a crack-like morphology for interphasial damage due to oxidation. This 
is also consistent with the microscopic study of oxidized SiC/Si3N4 composites by 
Bhatt [17] which showed debonding of fiber coating and voids at fiber-matrix inter-
facial region. Thus the state of the interphase in ceramic matrix composites can be 
characterized effectively by the modulus data determined using the proposed proce-
dure. 
SUMMARY 
This study focuses on nondestructive characterization of the fiber-matrix inter-
phase in ceramic matrix composites. Such a procedure is based upon measurement 
of composite elastic moduli using ultrasonic waves and micromechanical analysis via 
multi-phase models. Experimental investigation has been performed on SiC/Si3N4 
composites. We have demonstrated the use of such an analysis by finding the inter-
phasial moduli for different composite samples. The interphasial moduli determined 
are effective properties which include the properties of the interfacial coating layer and 
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the state of the contact between the coating layer and the adjoining fiber and matrix. 
The results of our experiments on oxidized samples show the existence of crack-like 
debonding. The proposed method can be used effectively for measurements of the in-
terphase state, indicating possible applications for interphasial damage assessment. 
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